1950 Johnstone et al. (Ind. Engnq Chem. 42, 2298-2302) introduced the tangency condition to determine fog (or mist) formation in binary mixtures in cooled channels. In the present analysis it is demonstrated that their condition is erroneous and an improved equation is derived. The condition is based on the heat and diffusional mass transfer rates to a condenser wall, and the slope of the saturation line of the vapour component at the wall temperature. The transfer rates follow from a thorough analysis of the energy and diffusion equation in a stagnant film next to the wall (the classical 'film model' or 'film theory'). The validity of the improved tangency condition is assessed against wall condensation experiments by Johnstone et ai., concerning mixtures of nitrogen with vapours of water and n-butyl alcohol, yielding satisfactory agreement.
INTRODUCTION
derived here. Furthe~ore, the nitrogen-water vapour condensation experiments of Johnstone et A PIONEERING article on fog formation in mixtures of al. [I] are found to correlate excellently with this noncondensables and vapour in cooled channels has improved condition. been published by Johnstone et al. [l] . On the basis of a film model analysis the tangency condition was derived to determine the critical wall tem~rature for
BASIC EQUATIONS OF THE FiLM AND
fog formation in flowing binary mixtures in the pres-
THEIR SOLUTIONS
ence of wall condensation. This condition followed from a consideration of the vapour pressure and temIn this section the profiles of the vapour mole fracperature gradients at the wall, which were compared tion and temperature in a stagnant film are derived.
with the slope of the saturation line at the wall temThe required basic equations of diffusion and energy perature. Until now the condition has been used can be found in Bird et al. [4] .
unaltered to examine fog formation, see the extensive In the film-a steady-state system in which varireviews by Sekulik [Z] and Koch [3] of subsequent ations in the x-direction (which will later be identified literature in the field of fog formation.
with the direction of flow in a channel) are neglected--Experiments were furthermore performed by Johnthe local mass balance equation, see Fig. I , is stone et al. [I] with mixtures of nitrogen and vapours + dc+ d*c'-of sulphur, n-butyl alcohol and water to validate the "' dji ~ = p+lIJTj5-
derived condition. Two experimental departures from the theoretical predictions of (no) fog formation were where c' is given by observed, namely : D dc+ 11 = -I-c+ 3..
(2) (a) no fog formation, though predicted, and, (b) fog formation, though superheating was proved This velocity is tmd~tionally referred to as 'convective theoretically.
velocity', 'bulk flow', or 'Stefan flow'. It is induced by the flow of vapour through the mixture and plays an The former deviation could be attributed to the important role in mixtures with a high vapour mole absence of sufficient nuclei in the gas flow, although fraction, The boundary conditions on c+, see Fig. 1 , in the examined mixtures extra nuclei were generated are artificially. The second discrepancy, only found with film condensation of n-butyl alcohol and dropc'(_r = 0) = c;' (3) wise condensation of water, could not be explained satisfactorily.
c"(y = 6,) = cb'
In this paper it is shown that Johnstone et al. [I] + where c, is the vapour mole fraction at the interface employed an erroneous equation to investigate fog and cl the mole fraction of the bulk. Substituting formation; the improved tangency equation will be equation (2) 
f(V = 6,) = fh_ (8)
Substituting the relation between the mixture's molar specific heat and its composition (;;-= ("CT\ +(I -f.f)l;:,,
and equations (2) and (5) into equation (6), solving the resulting equation and applying boundary conditions (7) and (8) film model expressions are used to investigate superdition (implicitly excluding the possibility of supersaturation in the mixture. saturation) fog formation can be detected.
THE FOG FORMATION CONDITION
In order to obtain a relation between c+ and f in the film, which can then be compared with the saturation line, the coordinate ,riS, is eliminated from equations (5) and (IO), yielding
This relation is a monotonically increasing function oft, since the first derivative of G*(r) with respect to I is positive (13) For (Le (;:)/cz, > I the function G"(r) is concave, G"(t) is a straight line for (Le c,')/c$ = I, while G+(t) is a convex curve for (Le c,')/c& < I. These properties follow from the second derivative of Cc (f) with respect to t. The vapour mole fraction on the saturation line follows from (14) At the wall, denoting here the condensate/gas interface, c,+ = F+(t,) prevails. On the basis of a consideration of vapour and temperature profiles. the following slope condition is suggested to examine whether supersaturation occurs in a condenser:
( 15) which is based on the slopes of F' (t) and G'(r) in t = t,. From this equation and the saturation conThe lowest permissible t, at which fog is not yet formed, denoted as t,, is obtained when equation (15) is an equality. Applying equation (13) and rewriting equation (1.5) then yields as the tangency condition where c," denotes the critical interface mole fraction (c: = 4ts)).
In this equation the thermal (Ackermann) correction factor is introduced as and the diffusional mass transfer correction factor as
Both these conventional film model correction factors can be found in Bird et al. [4] , and are widely used in practice. For t, < t,, a part of the film is fogging (ti 6 t < r,), in this part t and C+ are coupled by equation (14) . In the superheated part (t, d t < tb) c+ = G+(t) prevails. In Fig. 2 the physical principles of equations (15) and (16) are illustrated graphically. Johnstone et al. [I] were the first to employ the principle of the slope and tangency condition to assess fog formation. However, they used an incorrect expression, as will be explained below, Their expression for the critical t, ~equation (9)') is obtained when in equations (15)- (17) 
Equation (19) is applicable to turbulent flow (the socalled Chilton-Colburn analogy) and to forced convective laminar flow in the entrance region of a channel. Johnstone et al. [I] experimentally examined laminar flow (Re z 700) of binary mixtures in this region of a circuiar tube. Approximation (20) implies that c+ ZCf P." ,,,,, see equation (9), and introduces an unacceptable inaccuracy. This is particularly the case with nitrogen and n-butyl alcohol mixtures (n-butyl alcohol, c,& z 135 kJ kmol-' K-' ; water, c,& 2 34 kJ kmol ' K-' ; nitrogen, e,,+" z 28 kJ kmol-' K-'). follows from a film model analysis where the Ackermann term in energy equation (6) is not taken into account. Assumption (31) is not correct either, since the diffusion correction factor 0:~ is of the same order of magnitude as the thermal correction factor; they are even identical when (LP (;r)/c,,, .+ = I. Equation (21) follows, in fact, from a film model analysis where the effect of the induced velocity on diffusion is neglected. The introduction of equations (20) and (21) might therefore bc the reason why Johnstonc et al. [I] observed discrepancies between some experiments and theory. In the next section these cases are discussed in some detail.
It is interesting to realize that the negative effect 01 equations (20) and (21) Using equation (15) curves F+(t) and G '(t) intersect in the film. In Fig.   3 an example of such a supersaturation cast in the film is depicted.
CONDENSATION EXPERIMENTS
The experimental results of Johnstone rt N/.
[I] are now compared with the correct criterion for fog formation. We are particularly interested in the cases where fog was not predicted by the erroneous cquations (16)-(21). though fog formation was observed for some situations. The introduction of equation (20) results namely in too high a value of t;, (since (;t, > c,' ( >L.,&)), while assumption (21) causes too low a value of t, (since OL? > I), set equation (16).
The net result of both introductions could be too low a value of f,,. resulting in an erroneous theoretical prediction of a superheated mixture and hence no fog formation. These situations wet-c found only with mixtures of nitrogen and vapours of n-butyl alcohol and water, which are therefore treated here.
In Table I the experimental data for water vapout nitrogen mixtures arc listed. while in Table 2 those . (24) The molar densities p+ of ail the mixtures are simply determined using the ideal gas law, in combination with P,,, = I atm (= 1.01325 bar). The Antoine relations for the saturation pressures of both vapours stem from Reid et al. [13] . These vapour pressures yield saturation lines for both mixtures which correspond excellently to the lines drawn by Johnstone et al. [I] (' Fig. 2' and 'Fig. 3') . The saturation lines in Figs. 2 and 3 are. in fact, those of water vapour. The mixtures' molar specific heats are evaluated at the (see equation (9) with ci replaced by ch+). The mixtures' thermal conductivities arc evaluated at the bulk composition.
taking account of their composition following Perry and Green [15] All the properties of the two components are evaluated at the bulk tempe~.~tur~. In Tables 1   and 2 the newly dctcrmmed r,, and calculated Le arc listed. Table I reveals, owing to the efl'ecr ofcyuation (21), that ail the new t, are larger than those of Johnstonc ct ol. [I] . Accordingly, for most cases t, < t;, and hcncc fog formation is predicted, which is in agreement with the experimental observation.
Howe\/er, in a few situations fog is predicted but not observed. This can bc explained from the difference between f., and t,, which is a measure of the degree of supersaturation.
In general it follows that fog is not obscrvcd when t, is slightly below I;,, while visible fog formation occurs when t, exceeds the critical lemper~ture t, significantly. z 0.5), which implies that G'+ (t) is a convex curve. A numerical investigation of G + (t) and F'(t) with f ranging from f, to th provided evidence for all the mixtures that an intersection of both curves does not occur when superhc~ting was predicted by the slope condition.
That is to say, F" (t) > G + (t) in the entire film, thus prcdictcd correctly by slope condition (15) or tangency condition (16). Summarizing, the experimental results obtained with nbutyl alcohol--nitrogen mixtures cannot be explained s~ltisf~~ctori~y.
The major diffcrencc with the water vapour -nitrogen experiments. besides the higher temperatures and different Lewis numbers, is the filmwise condensation of n-butyl alcohol, since no promoter could be found for dropwisc condensation.
Oleic acid was used by Johnstone et al. [l] to promote the dropwise conof Eindhoven University of Technology for his stimulating densation of water vapour. This dropwise condiscussion On the subject.
densation implies that the experimental interface temperature is better defined, which might be the reason overall agreement is found only between theory and water vapour-nitrogen experiments.
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CONCLUSIONS
in this paper an improved tangency condition for predicting supersaturation in condensers has been derived. This condition is based on the slopes of the saturation line and film model expressions for the vapour mole fraction and temperature.
It has been demonstrated that supersaturation can be correctly predicted by this condition, irrespective of the value of (Le c,');c&, but that for (Lr c;)/(;;t, < 1 superheating in mixtures cannot be guaranteed. However, a thorough e~mination of temperature and vapour mole fraction profiles in various binary mixtures of nitrogen with vapours of water and n-butyl alcohol revealed that the condition correctly predicted superheating.
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